Acute viral infection or vaccination generates highly functional memory CD8 T cells following the Ag resolution. In contrast, persistent antigenic stimulation in chronic viral infection and cancer leads to a state of T-cell dysfunction termed T-cell exhaustion. We and other have recently identified a novel subset of exhausted CD8 T cells that act as stem cells for maintaining virus-specific CD8 T cells in a mouse model of chronic lymphocytic choriomeningitis virus infection. This stem cell-like CD8 T-cell subset has been also observed in both mouse and human tumor models. Most importantly, in both chronic viral infection and tumor models, the proliferative burst of Ag-specific CD8 T cells driven by PD-1-directed immunotherapy comes exclusively from this stem cell-like CD8 T-cell subset. Therefore, a better understanding of the mechanisms how CD8 T-cell subsets are regulated during chronic viral infection and cancer is required to improve the current immunotherapies that restore the function of exhausted CD8 T cells. In this review, we discuss the differentiation of virusspecific CD8 T cells during chronic viral infection, the characteristics and function of CD8 T-cell subsets, and the therapeutic intervention of PD-1-directed immunotherapy in cancer.
INTRODUCTION
In contrast to highly functional memory CD8 T cells that are generated following the resolution of pathogen infection, continuous antigenic stimulation results in T-cell dysfunction, which is called T-cell exhaustion (1) (2) (3) . This functional exhaustion of antigen (Ag)-specific CD8 T cells was first documented in the mouse model of persistent lymphocytic choriomeningitis virus (LCMV) infection in which they persist but lose effector function (4,5) and these findings were then extended to chronic viral infections in non-human primates (6) and humans (7) (8) (9) (10) (11) (12) . T-cell exhaustion has also been described in mouse tumor models (13, 14) and in human cancers (15) (16) (17) (18) (19) . A characteristic feature of exhausted CD8 T cells is the expression of various inhibitory receptors (20) (21) (22) (23) . Notably, PD-1 is a central regulator of this process. The discovery that PD-1 blockade could restore anti-viral immunity and reduce viral titers in the mouse model of persistent LCMV infection (23) rapidly expanded to other chronic viral infections (24-26) and cancers (27) (28) (29) . PD-1 blockade has had a revolutionary impact on cancer treatment by high efficacy against various cancer models with limited We and others recently discovered a novel subset of exhausted CD8 T cells which acted as stem cells to maintain the pool of virus-specific T-cell population in a chronic Ag setting (33-36). These stem cell-like cells lack many common effector function, however they can generate large numbers of terminally differentiated cells while also undergoing self-renewal to maintain their numbers. In addition, the proliferation of exhausted CD8 T cells that occurs after PD-1 blockade is exclusively derived from the stem cell-like CD8 T cells. These stem cell-like CD8 T cells have been also referred to as "stem cell-like progenitor", "memorylike", "precursor exhausted" or "progenitor exhausted" cells (37,38). Here, we will use a nomenclature of the "stem cell-like" CD8 T cells because they could differentiate into new CD8 T-cell subsets having distinct features from terminally differentiated CD8 T cells after cytokine treatment or exposure to the environment without the Ag (in our unpublished data) and it has not been validated yet whether they could survive in the absence of Ag as canonical memory CD8 T cells do. Here, we review recent studies focused on the characteristics of the stem cell-like and terminally differentiated CD8 T cells, and the mechanism by which PD-1 blockade regulates CD8 T-cell immunity in a mouse model of chronic LCMV infection. Then, we discuss whether the same differentiation program of CD8 T cells is applicable to other disease models such as cancer and autoimmune diseases in which CD8 T cells are continuously exposed to antigenic stimulation. Finally, we discuss the therapeutic implications of this knowledge for therapy in cancer patients.
DEFINING STEM CELL-LIKE CD8 T CELLS DURING CHRONIC VIRAL INFECTION
It has been thought that canonical memory CD8 T cells are not generated during chronic viral infections (39). Instead of homeostatic cytokines such as IL-7 and IL-15, viral Ags drove the proliferation of exhausted CD8 T cells for maintaining the pool of CD8 T cells during chronic LCMV infection (39,40). Therefore, when the exhausted CD8 T cells were exposed to Ag-free environment, their population was dramatically contracted. However, Utzschneider et al.
(41) proposed memory-like exhausted CD8 T cells, which could survive in the absence of Ags and robustly proliferate after Ag restimulation similar to classic memory CD8 T cells, during chronic LCMV infection (42) (Fig. 1A) . We and others recently identified a novel population of TCF1 + CXCR5 + virus-specific CD8 T cells during chronic viral infection that act as stem cells and maintain the pool of virus-specific CD8 T cells (33-36). These stem cell-like CD8 T cells maintained the population sustaining their native phenotypes by self-renewal and differentiated into the TCF1 − Tim-3 + terminally differentiated cells accompanied with active proliferation. More robust proliferation and differentiation of the stem cell-like CD8 T cells were observed when the cells were exposed to a setting much more favorable for activation of CD8 T cells by transferring them into naive mice, followed by Cl13 or Arm infection (33, 35) . This event occurred when we used the stem cell-like CD8 T cells isolated from both early and late phase of chronic LCMV infection, reflecting that the capability of reconstitution potential is maintained during the course of chronic viral infection. We recently further divided the TCF1 − Tim-3 + CD8 T cells into 2 subsets of CD101 − Tim-3 + and CD101 + Tim-3 + CD8 T cells (43) (Fig. 1B) . CD101 − Tim-3 + CD8 T cells are recently-generated cells from stem cell-like CD8 T cells and are able to proliferate and differentiate into further differentiated CD101 + Tim-3 + CD8 T-cell subset, suggesting that this CD101 − Tim-3 + subset is a transitory population during the differentiation between stem cell-like and CD101 + Tim-3 + terminally differentiated cells. The stem cell-like CD8 T cells possess memory-like features (33-36). For example, the stem cell-like CD8 T cells showed higher expression of genes such as Il7r, Sell (CD62L), Ccr7, Id3, Bcl6, Eomes, and Tcf7 (TCF1). As the differentiation progressed, genes related to the differentiation of effector T cells such as Prdm1 (Blimp1), Tbx21 (T-bet) and Id2, the cytolytic functions such as Gzma, Gzmb and Prf1, and the apoptosis such as Fasl and Tnfsf10 (TRAIL), were significantly increased. Of note, although the stem cell-like CD8 T cells showed the absence of Granzyme B expression, there was a hierarchy in the production of an effector cytokine, IFNγ, and a degranulation marker, CD107, after ex vivo stimulation among different CD8 T-cell subsets; the highest in the stem cell-like CD8 T cells, middle in newly generated cells and the lowest in old terminally differentiated cells (34). We confirmed that the CD101 − Tim-3 + transitory subset had a role in viral control with the highest expression of Granzyme B (43) . Taken together, these results strongly support the differentiation pathway for maintaining CD8 T-cell immunity during chronic viral infection as follows: TCF1 + Tim-3 − stem cell-like cells → CD101 − Tim-3 + transitory cells → CD101 + Tim-3 + terminally differentiated cells ( Fig. 1B) .
LOCALIZATION AND MIGRATION OF CD8 T-CELL SUBSETS DURING CHRONIC VIRAL INFECTION
The stem cell-like CD8 T cells were mainly present in the lymphoid tissues but were rarely shown in the non-lymphoid tissues whereas the terminally differentiated cells localized in both lymphoid and non-lymphoid tissues (33,34). Although the location of the stem 3/19 https://doi.org/10.4110/in.2020.20.e2
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https://immunenetwork.org cell-like CD8 T cells in the spleen is arguable, we observed that stem cell-like CD8 T cells are preferentially localized in the T cells zone (33). The T-cell zone is where T cells interact with dendritic cells (DCs) to induce activation (44) (45) (46) . One plausible hypothesis is that the stem cell-like CD8 T cells continuously interact with a subset of Ag presenting cells (APCs) in the T-cell zones and these APCs act as niches for the maintenance of the stemness of the stem cell-like CD8 T cells. Consistent of this postulation, the stem cell-like CD8 T cells highly expressed Xcl1 (33). XCL1 recruit XCR1-expressing CD8α + lymphoid DCs (47) , which are specialized APCs for the cross-presentation (48) (49) (50) (51) (52) . The result that the stem cell-like CD8 T cells highly expressed co-stimulatory molecules such as ICOS and CD28, but did not have cytolytic molecules such as granzymes and perforin, could support this notion as well (33). In contrast, the terminally differentiated cells were mainly resided in the red pulp. LCMV Cl13 strain inducing chronic infection was detected mainly in the red pulp macrophages and stromal cells and minimal numbers of DCs (33,53,54), suggesting that the terminally differentiated cells are interacting with infected cells to kill them in the red pulp of the spleen, while the stem cell-like CD8 T cells residing in the T-cell zone are protected from excessive exposure to Ag stimulation ( Fig. 2) . We previously determined that PD-L1 on bone-marrow-derived cells such as APCs negatively regulates cell expansion and cytokine production, whereas PD-L1 on infected non-hematopoietic cells suppresses viral clearance 4/19 https://doi.org/10.4110/in.2020.20.e2 and immunopathology during chronic LCMV infection (55). Considering that only the stem cell-like CD8 T cells possess a proliferative potential while the further differentiated exhausted cells highly produce cytolytic molecules, this result supports the idea that PD-L1 on APCs in the T cell zone inhibits the proliferation and differentiation of stem cell-like CD8 T cells into the terminally differentiated cells and PD-L1 on non-hematopoietic cells in the red pulp and non-lymphoid tissues dampers the cytolytic activity of the terminally differentiated cells.
We recently discovered that virus-specific CD8 T cells during chronic viral infection exhibited minimal migration using a parabiosis experiment (56). The stem cell-like CD8 T-cell subset was much more stationary compared to terminally differentiated cells. Of interest, circulating virus-specific CD8 cells during chronic viral infection were recently-generated cells having the CD101 − Tim-3 + phenotype (56), the transitory subset that was previously descried (43) , and expressed CX3CR1, which involves in the migration to the inflamed tissues (57,58). Overall, these results suggest that the early step differentiation from stem cell-like CD8 T cells to terminally differentiated CD8 T cells usually occurs in the lymphoid organs such as spleen, and then a fraction of recently-generated transitory cells go into the circulation, move to non-lymphoid organs, and further differentiate into CD101 + Tim-3 + terminally differentiated cells as illustrated in Fig. 2 .
TRANSCRIPTIONAL PROGRAMMING FOR CD8 T-CELL SUBSETS DURING CHRONIC VIRAL INFECTION TCF1-Bcl-6-Id2-E2A
The transcription factors that regulate the differentiation of the stem cell-like CD8 T cells were shared with memory CD8 T cells, CD4 follicular helper T-cell (T FH ) T cells, and hematopoietic stem cells (HSCs) (33-36). For example, TCF1 plays a role in the generation of memory CD8 T cells (59-62) and CD4 T FH cells (63, 64) , and also in the maintenance of an undifferentiated state of HSCs (65) . Consistently, we and others observed that the loss of TCF1 resulted in a striking defect in the generation of the stem cell-like CD8 T cells during chronic LCMV infection (33,35,36) ( Fig. 3) . However, the initial expansion of the terminally differentiated cells was normal in the absence of TCF1, suggesting that the differentiation programs are different between the stem cell-like CD8 T cells and the terminally differentiated cells during chronic viral infection. In contrast, overexpression of TCF1 contributed to the increased frequency of the stem cell-like CD8 T cells and the improved LCMV-specific CD8 T-cell responses at a later time point, accompanied with enhanced Bcl-6 expression (35,36). By chromatin immunoprecipitation (ChIP) sequencing, it was revealed that TCF1 preferentially bound to a promoter region of Bcl-6 and Cish, an intron of Prdm1 (Blimp1), and an upstream region of Havcr2 (Tim-3) (66) . These results suggest that TCF1 is indispensable for the differentiation into the stem cell-like CD8 T cells by directly regulating genes related to CD8 T-cell exhaustion during chronic viral infection. Bcl-6 has an intrinsic role in the generation of central memory CD8 T cells (67, 68) . In addition, it is well established that Bcl-6 is a central regulator for CD4 T FH differentiation (69) . Similarly, when virus-specific CD8 T cells overexpressed Bcl-6, more stem cell-like CD8 T cells were generated after chronic infection (36), suggesting that Bcl-6 imposes the differentiation into the stem cell-like CD8 T cells. Meanwhile, Id2 plays a role in the differentiation of terminal effector CD8 T cells during acute viral infection (70) . Id2-E2A axis has been also known to regulate the differentiation of Ag-specific CD4 T cells. Id2 represses CD4 T FH differentiation by inhibiting the expression of E2A (71, 72) . Consistently, the loss of Id2 led to an aberrant differentiation skewed into the stem cell-like CD8 T cells during chronic LCMV infection (34). Different from Id2, E2A promoted CXCR5 expression in exhausted CD8 T cells by binding to its intron region as assessed by ChIP assay. Overexpression of E2A in LCMV-specific CD8 T cells increased their differentiation into the stem cell-like CD8 T cells, but this effect was compromised when Id2 was co-overexpressed. Combining with the result that Bcl-6 bound to Id2 locus (71), it is likely that the sequential event via "TCF1 -Bcl-6 -Id2 -E2A" transcription factors axis regulates the differentiation of the stem cell-like CD8 T cells during chronic viral infection.
TOX
Despite the shared transcriptional programming between stem cell-like and memory CD8 T cells, their epigenetic profiles are significantly distinct (73) (74) (75) (76) , suggesting the unique transcriptional regulation during persistent antigenic stimulation. It has been recently highlighted that TOX, the thymocyte selection-associated high mobility group box, is a transcription factor that plays a major role in the generation of stem cell-like CD8 T-cell subset, the maintenance of the pool of virus-specific CD8 T cells, and the T-cell dysfunction during chronic viral infection ( Fig. 3) (77) (78) (79) (80) . TOX is marginally increased at the peak response after acute infection and is dispensable for the differentiation of effector and memory CD8 T cells. In contrast, TOX is highly expressed in exhausted CD8 T cells compared to effector and memory CD8 T cells and, of note, stem cell-like CD8 T-cell subset exhibited higher TOX expression than terminally differentiated CD8 T cells. TOX expression is regulated by Ag-induced Ca 2+ signaling and the transcription factor NFAT2 because the 6/19 https://doi.org/10.4110/in.2020.20.e2 calcineurin inhibitors FK506 or cyclosporin A inhibited TOX expression. Absence of TOX expression resulted in the defect of the generation of stem cell-like CD8 T-cell subset.
In addition, TOX deficiency led to the production of KLRG1 + functional virus-specific CD8 T cells corresponding to the polyfunctional cytokine production and the decreased expression of inhibitory receptors. However, the generation of highly functional Ag-specific CD8 T cells might be detrimental in terms of immunopathology as Tox-deficient mice notably experienced the weight loss and tissue damage (77) . Therefore, TOX might make a balance in the maintenance of Ag-specific CD8 T cells and the protection from excessive immunopathology. However, deletion of Tox around 3 weeks post chronic viral infection has minimal effect on the regulation of exhaustion-related genes (77) , suggesting that TOX downstream effects might be restricted in early time course of chronic viral infection.
IRF4
IRF4 is another transcription factor instantly induced by TCR signaling (81, 82) . Similar to TOX, IRF4 also contributed to the exhausted features of CD8 T cells such as upregulation of inhibitory receptors, impaired cytokine production, and the repression of anabolic metabolism ( Fig. 3) (83) . However, in contrast to TOX, IRF4 inhibited the development of stem cell-like CD8 T-cell subset during chronic viral infection. Together with BATF and NFAT, IRF4 suppress TCF1 expression by directly binding to Tcf7 loci. These results suggest that IRF4 and TOX differently regulate the development of stem cell-like CD8 T cells despite they are under downstream of NFAT and displayed similar role in T-cell dysfunction. Therefore, further investigations are needed to verify the circuit of transcription factors for the differentiation of CD8 T-cell subsets during persistent antigenic stimulation.
ACTION MECHANISM OF PD-1 BLOCKADE DURING CHRONIC VIRAL INFECTION
Heterogeneity of exhausted CD8 T cells raises a possibility that different subsets of exhausted CD8 T cells would respond differently to PD-1 blockade. Blackburn et al. demonstrated that PD-1 int CD44 hi exhausted CD8 T-cell subset responded better to PD-1 blockade than PD-1 hi CD44 int exhausted CD8 T-cell subset during chronic LCMV infection (84) . Three independent studies confirmed that only the stem cell-like CD8 T cells possessing PD-1 int CD44 hi phenotype proliferated and differentiated into terminally differentiated CD8 T cells after PD-1 blockade, whereas the terminally differentiated cells having PD-1 hi CD44 int phenotype did not ( Fig. 4) (33-35) . Therefore, PD-1 blockade led to increased proportion of terminally differentiated CD8 T cells among Ag-specific CD8 T cells and this is consistent with the stable transcriptional and epigenetic profiles of Ag-specific CD8 T cells after PD-1-directed immunotherapy when they were analyzed as a bulk population (74) . Despite differentiation of the stem cell-like CD8 T cells into the more differentiated cells, the absolute number of the stem cell-like CD8 T cells was also marginally increased after PD-1 blockade, indicating that PD-1 blockade increased the self-renewal of the stem cell-like CD8 T cells as well.
Two recent observations revealed the requirement of CD28 for the proliferation of exhausted CD8 T cells after PD-1 blockade. Hui et al. (85) showed that CD28 is the primary target for PD-1mediated suppression of CD8 T-cell function using a cell-free membrane reconstitution system. During PD-1/PD-L1 ligation, the PD-1/SHP-2 complex favorably mediates dephosphorylation of CD28 over the T-cell receptor, leading to the inhibition of CD8 T-cell activity. Using in vivo mouse models, Kamphorst et al. (86) demonstrated that genetic loss of CD28 or blockade of B7 molecules abrogated the proliferation of CD8 T cells during chronic viral infection and tumor suppression driven by PD-1 blockade. In addition, the CD8 T cells that underwent proliferation in patients with advanced NSCLC after PD-1 blockade were largely PD-1 + CD28 + . Considering that B7 molecules are mainly expressed on professional APCs, not on infected cells or tumor cells, and that only stem cell-like CD8 T cells could proliferate after PD-1 blockade, these results supported the idea again that the stem cell-like CD8 T cells are interacting with PD-L1-and B7 molecules-expressing APCs in the T-cell zone (Fig. 3) .
As discussed, the terminally differentiated CD8 T cells did not proliferate in response to PD-1 blockade. However, when PD-L1 is expressed on infected non-hematopoietic cells, viral clearance and immunopathology during chronic LCMV infection is suppressed (55). This suggests that the PD-1/PD-L1 interaction still plays a role inhibiting CTL activity of the terminally differentiated cells in the infected tissues (Fig. 4) . Moreover, it has been demonstrated that the PD-1/PD-L1 interaction inhibits CD8 T-cell motility by forming a stable and mature immunological synapse in chronically infected mice (87) . Taken together, PD-1 blockade manipulates the T-cell response in 2 different ways: 1) PD-1 blockade induces the proliferation and differentiation of the stem cell-like CD8 T cells into the terminally differentiated cells in the CD28-dependent manner. 2) Newly generated terminally differentiated cells actively migrate into the infected tissues and kill the infected cells with improved CTL activity in the absence of PD-1/PD-L1 ligation (Fig. 3) . 
PRESENCE OF STEM CELL-LIKE T CELLS IN CANCER AND AUTOIMMUNE DISEASE MODELS HAVING PERSISTENT ANTIGENIC STIMULATION
One of the interesting question after the discovery of stem cell-like T cells in the model of chronic viral infection was whether the stem cell-like T-cell subset would exist in other models having continuous antigenic stimulation such as cancer and autoimmunity. First of all, the presence of TCF1 + PD-1 + stem cell-like CD8 tumor-infiltrating lymphocytes (TILs) were also revealed in various mouse and human cancers (36, [88] [89] [90] [91] [92] . stem cell-like and terminally differentiated CD8 TILs exhibited similar transcriptional and epigenetic profiles to the corresponding subsets in the spleen of chronically infected mice. Similar to mouse chronic LCMV model, stem cell-like CD8 TILs reproduce themselves by self-renewal and produce terminally differentiated CD8 TILs within tumors. In addition, only stem cell-like CD8 TILs exhibited the proliferative burst upon PD-1 blockade. Parallel with these observations, the frequency of stem cell-like TILs was associated with a better clinical outcome (88) (89) (90) (91) (92) . It is worth noting that stem cell-like TIL subset was localized in the area having dense APCs as niches in kidney, prostate, and bladder tumors (92) . However, the tumor-specificity of TILs were uncertain in human tumors. In an independent study, the stem cell-like TILs were observed in both tertiary lymphoid structures and their outside in melanomas and lung cancers (89) . Therefore, in-depth analysis regarding the specificity of stem cell-like TIL subset and its location in tumors is required.
Yost et al. (93) also recently presented that clones showing high TCF7 + signature expanded more significantly than those having low TCF7 + signature in advanced basal cell carcinoma. Of interest, however, among clones with exhausted features, around two-thirds of clones expanded following PD-1-directed immunotherapy were derived from novel clonotypes not from pre-existing TILs. This result suggests several possibilities as follows. First, these novel clones might derive from secondary lymphoid organs as stem cell-like CD8 T cells mainly reside in the spleen of chronically LCMV-infected mice. Second, PD-1 blockade lessen the threshold of the activation of minor clones, leading to new activation of naïve T cells in tumor sites. Finally, these novel clones might be not tumor-specific but autoantigen-specific since some patients have exhibited autoimmune disease as a side effect of immune checkpoint blockades. Although this observation is very interesting in terms of the clonality after the immunotherapy, further investigations are required about the source of these novel clones and their clinical relevance in addition to their Ag specificity.
In addition to the importance of TCF1 in the generation of stem cell-like CD8 TILs, TOX is also essential for the maintenance of tumor-specific CD8 T cells and T-cell dysfunction in cancer (80, (94) (95) (96) . Recent report showed that partially Tox-deficient tumor-specific CD8 T cells delayed tumor growth compared to wild type cells in mouse tumor model (78) . In addition, knockdown of Tox in human CD8 TILs led to an increased production of effector cytokines and an enhanced cytotoxicity in vitro (97) . In the model of adoptive transfer of T cells expressing chimeric Ag receptors (CAR T cells), CAR T cells deficient in both Tox and Tox2 were highly effective in tumor control and led to prolonged survival of tumor-bearing mice, corresponding to increased cytokine production and decreased expression of inhibitory receptors (94) . Furthermore, NR4A was recently reported to cooperate with TOX and play a regulatory role in the efficacy of CAR T cells similar to TOX (96, 98) . It would be worthwhile to note that initially 9/19 https://doi.org/10.4110/in.2020.20.e2
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During autoimmune diseases, CD4 T-cell subset with progenitor potential was also observed. Shin et al. (99) found that IFNγ -TCF1 + CD4 T cells exhibited a similar gene signature to counterpart subsets in the spleen of chronically infected mice such as high expression of Tcf7, Id3, Cxcr5, and Kit and the absence of Prdm1, Id2, Prf1, and Gzmb expression. This stem cell-like subset had the potential to elicit pathogenic CD4 T cells and confer colitis in mice. Of interest, the glycosyltransferase ST6Gal-I was required for the generation of stem cell-like T-cell subset in this setting. Stem cell-like T helper17 CD4 T cells (Th17) was also determined in mice with experimental autoimmune encephalomyelitis (EAE) (100) . The stem cell-like Th17 cells highly expressed CD27 and could differentiate into CD27 -Tbet hi subpopulation, inferring stemness features. Taken together, these results suggest that common core programs exist in the T-cell differentiation program in the environment with persistent antigenic stimulation.
REMAINING QUESTIONS AND FUTURE DIRECTIONS
One of important remaining questions is how the stem cell-like CD8 T cells are maintained during chronic viral infection. He et al. (34) demonstrated that the stem cell-like CD8 T cells were derived from the thymus. However, considering their slow self-renewal in the spleen, other mechanisms could still contribute to their maintenance. We confirmed in our unpublished data that the population of stem cell-like CD8 T-cell subset and the pool of virus-specific CD8 T cells were sustained during the course of chronic LCMV infection in thymectomized mice, supporting this postulation. We have considered several potential mechanisms for the maintenance of the stem cell-like CD8 T cells during chronic viral infection: 1) Ag-independent survival and homeostatic cytokines-driven proliferation. A decade ago, a few reports have previously argued that exhausted CD8 T cells could not survive in an Ag-free condition and did not respond to homeostatic cytokines such as IL-7 and IL-15 (39,40). However, when exhausted CD8 T cells isolated from chronically infected mice were transferred into naive mice, a quarter of the transferred cells was still detected in the blood and tissues around a month after the transfer (39). In addition, 10% to 15% of the exhausted CD8 T cells exhibited IL-7-or IL-15-driven proliferation both in vitro and in vivo. Furthermore, Utzschneider et al. (41) also demonstrated that a fraction of exhausted CD8 T cells could respond to the rechallenge with LCMV virus after long-term Ag withdrawal. Considering memory-like features of the stem cell-like CD8 T cells, these results suggest that the stem cell-like CD8 T cells could be maintained by an Ag-independent, but homeostatic cytokinedependent manner during chronic viral infection. 2) IL-21-dependent maintenance. Although an exact mechanism is not revealed yet, several reports have verified that IL-21 is crucial for the maintenance of virus-specific CD8 T cells and the control of virus infection during chronic LCMV infection (101) (102) (103) . It is of interest to investigate whether IL-21 contributes to the maintenance of the stem cell-like CD8 T cells or to their conversion to the terminally differentiated cells during chronic viral infection. 3) Interaction with professional APCs which act as niches. As previously discussed, it is expected that the stem cell-like CD8 T cells might continuously interact with professional APCs in the T-cell area of lymphoid tissues, that is, the professional APCs might act as niches for the maintenance of stemness of the stem cell-like CD8 T cells during chronic viral infection. It has been revealed that the stem cell-like CD8 T-cell usually resided in APC dense regions which might act as niches in human tumors (92) . Therefore, it is of interest which subset of DCs act as niches and which cellular ligands and soluble factors are involved in this interaction between APCs and the stem cell-like CD8 T cells. These examinations could promote a significant improvement in cancer therapies. Although PD-1 blockade increased the number of the stem cell-like CD8 T cells, this therapy is specialized in the expansion of the more differentiated cells derived from the stem cell-like CD8 T cells. If the new regimen is developed for increasing the selfrenewal of the stem cell-like CD8 T cells, there might result in remarkable synergistic effect when combined with PD-1 therapy. Moreover, these investigations could advance adoptive cell therapy. In adoptive cell therapy, more differentiated effector CD8 T cells exhibited less in vivo therapeutic efficacy despite enhanced in vitro anti-tumor activity compared to naive T cells (104) (105) (106) (107) (108) . This result might be due to the short-lived fate of the terminally differentiated cells and a defect in the generation of the stem cell-like CD8 T cells. If the stem cell-like CD8 T cells isolated from cancer patients could be numerically expanded ex vivo in a quiescent status and transferred back into the patients, long-term CD8 T-cell immunity and improved therapeutic efficacy would be expected.
Combining with the current PD-1 blockade, various regimens have been being examined such as immune checkpoint blockades, cytokines, the depletion of Tregs, therapeutic vaccination, and adoptive cell therapy against chronic viral infection and cancer (20, (109) (110) (111) (112) (113) (114) (115) (116) (117) (118) . It is of interest to examine whether only the stem cell-like CD8 T cells could still respond to these combined therapies or the terminally differentiated cells could expand by novel therapeutics. For example, we previously presented that Tim-3 blockade synergistically enhanced virusspecific CD8 T-cell immunity and the control of viral infection combined with PD-1 blockade during chronic LCMV infection despite that Tim-3 blockade alone was not effective (109) . Considering that the stem cell-like CD8 T cells do not express Tim-3, it is intriguing whether the CD101 + Tim-3 + terminally differentiated cells proliferate in response to the co-blockade or CD101 − Tim-3 + transitory CD8 T cells newly generated from the stem cell-like CD8 T cells expand when Tim-3 is up-regulated, but simultaneously blocked.
Finally, in-depth analysis is required regarding the function of exhausted CD8 T cells during disease progress. Recent reports have discovered that the stem cell-like CD8 T cells could robustly proliferate in vivo after antigenic restimulation regardless of the time points when they were isolated (33,35). However, Angelosanto et al. (119) observed that exhausted CD8 T cells isolated early (day 8) from chronically infected mice could differentiate into classic memory CD8 T cells after transfer into Ag-free mice whereas exhausted CD8 T cells isolated later (day 30) could not. In this study, it is more likely that the stem cell-like CD8 T-cell subset could differentiate into memory CD8 T cells in Ag-free environment considering the memory-like features of the stem cell-like CD8 T cells. In HIV model, there is a negative correlation between the severity of disease and frequency of circulating CD8 memory stem T cells cells (120) . Taken together, the stem cell-like CD8 T cells might maintain their proliferative potential but lose multipotent potential as the disease is progressed. Most PD-1directed therapies have been being used as a second-line setting when the first-line therapy such as chemotherapy is failed. If time-dependent exhaustion occurs in the stem cell-like CD8 T cells during chronic viral infection and cancers, earlier treatment of PD-1 blockade should be considered for the improved clinical outcomes.
CONCLUDING REMARK
Although PD-1 blockade has provided a breakthrough in cancer treatment, there is still room for improvement. To achieve this, a better understanding of T-cell exhaustion and a further investigation for the working mechanism of PD-1 blockade are required. Recent studies have revealed the stem cell-like CD8 T-cell subset which maintains CD8 T-cell immunity during chronic LCMV infection and cancer and preferentially proliferates after PD-1 blockade. Because many features of T-cell exhaustion are shared between chronic viral infections and cancer, these discoveries possess a noteworthy clinical relevance for cancers as well. The discovery of this new stem cell-like CD8 T-cell subset will provide new insights for the development of new improved therapeutics in the combined therapies with PD-1 blockade and the adoptive cell therapy for cancers.
